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EXAMPLES OF TIMBER STRUCTURE FAILURES 


Michael N. Salgo,!»2 M. ASCE 


INTRODUCTION 


During the accelerated construction program of World War II, wood con- 
struction experienced perhaps the greatest expansion in timber history. Dur- 
ing this time timber framing systems using splitring, shearplate, etc., connec- 
tors, became widely used and modern timber construction came into its own. 

The Bureau of Yards and Docks, in its construction program during World 
War II, designed and built timber structures for practically all types of Naval 
Shore Establishments. These included the well known “lighter-than-air” (LTA) 
hangars, glued laminated drill hall structures, floating drydocks, and hundreds 
of long span structures for varying uses, such as aircraft plants, shipyard 
shops, fabricating plants, etc. Hundreds of millions of dollars were expended 
in the construction and maintenance of long span timber structures by the Bu- 
reau of Yards and Docks in this program. It is of significance to note that 
relatively few major structural failures occurred with this tremendous con- 
struction program in spite of the pioneering nature of many of the designs. 
However, as over ten years have elapsed since the major portion was con- 
structed, it is considered timely to review the records of this program and 
perhaps take advantage of the experience gained in these timber structures. 
The need has always existed and will continue to be necessary for correlation 
and integration of new designs with practical construction and maintenance re- 
quirements. Although there has been considerable literature available on 
laboratory test data for specific joint details such as connector details and 
specimen tests, there has been a conspicuous lack of actual design data cor- 
relating the results of tests and experiences with full scale construction. 

The purpose of this paper is to present certain actual observed experience, 
particularly with reference to data on failures of timber structures observed 
over the past ten-year period. As stated above, the failures of known major 
timber structures have been relatively few, but failures did occur, and it is 
from these that certain lessons can be learned. 

During the 1930’s considerable research was underway on development of 
connector systems which could economically develop the high inherent tensile 
strength of lumber. A summary of much of this work was presented in the 
famous Forest Products Laboratory publication of Modern Connectors for 
Timber Construction.* Although the major portion and most spectacular of the 
long span timber structures were built during and subsequent to World War II, 


. Prin. Asst. to Dist. Civ. Engr., Third Naval Dist. Headquarters, New York, 
N. Y. 

. The opinions or assertions contained herein are the private one of the 
writer and are not to be construed as official or reflecting the views of the 
Navy Department or the Naval Establishment at large. 

. Modern Connectors for Timber Construction printed by U.S. Govt. Printing 
Office 1933. 
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there were a considerable number of unusual long span timber structures de- 
signed, built and standing long before this time, mostly in Europe. These ear- 
lier structures employed various systems of joint connections varying from 
Mill construction to the use of hard wood dowels and metal connectors much 
similar to our present day timber connector systems. The presently used 
system of splitrings, shearplates, etc., evolved from results of studies set 
forth in the Forest Products Laboratory publication* and has become the basis 
of most major timber construction to the present time. The system has proven 
itself. Timber structures using this system have proven to be economical and 
subject to standardization, mass production by prefabrication and erection 
methods similar to those used for steel structures. The availability and use 
of long span timber structures during World War II is considered to have been 
a major contribution to the war effort. It is of interest to note some typical 
examples of timber structures developed and built by the Navy’s Bureau of 
Yards and Docks during World War Il. Figure 1 illustrates a standard Building 
used in one of our Naval Shipyards.’ These buildings are 100' x 250' with clear 
height of lower chord from floor varying for different buildings up to 25 feet. 
Buildings were prefabricated and subassembled over 1000 miles from site. 
Other interesting features were that chord members were glued laminated and 
that the largest size of individual truss members was 4” x 6". Fig. 2° illus- 
trates a subassembly shop 79 x 550 ft. by 52 ft. high at the ridge. Building 
was designed for use in connection with Destroyer-Escort construction pro- 
gram. An entire “DE” could be built at one time in this building. 36 ft. wide 
by 30 ft. high doors were located in each bay to permit removal of the subas- 
semblies. Building had two 5-ton bridge cranes. Figure 3 illustrates a stand- 
ard Navy 200 x 600 ft. warehouse building. Structure has 200 foot span with 
two intermediate supports. This is same dimensions as steel and concrete 
standard Navy storage building. Figure 4 illustrates a multi-story shop build- 
ing. The lower floor was used as a shipfitters shop whereas the second floor 
was used as a joiner shop. The lower floor had bridge cranes running on glued 
laminated crane runway girders. Figure 5° illustrates the Standard Navy 
Timber S.T.A. hangar. These hangars housed the blimps that played such an 
important part in the antisubmarine warfare effort during the early part of 
World War II. Hangar shell is 1000 feet long, 176 feet high at the crown with 
an overall width at ground level of about 296 feet. These structures are among 
the largest timber structures ever built. 


Maintenance of Timber Structures 


As the many Timber Structures were erected, the need for establishing in- 
spection and maintenance standards for timber connector type trusses soon 
became evident. To this end the Bureau of Yards and Docks in October 1944 
prepared a publication on “Maintenance Procedure for Timber Trussed Struc- 
tures” (NavDocks P 106), part I of which was on maintenance procedures and 
part II on “Inspection, Maintenance and Repair of Timber Structures”. 


4. Modern Connectors for Timber Construction printed by U.S. Govt. Printing 
Office 1933. 

5. Design and construction discussed in ENR article of 15 July 1943. 

6. Design and construction of LTA Hangars discussed in some detail in Octo- 
ber and November 1943 issues of Civil Engineering by Mr. A. Amirikian, 
Mem. Am. Soc. C.E. of the Bureau of Yards and Docks who was in imme- 
diate responsible charge of design of these hangars. 
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Similarly, “Timber Maintenance Methods” by Verne Ketchum in Western 
Construction News - January 1945 and “Are Timber Checks and Splits Serious” 
by Messrs. Ketchum, May and Hanrahan in Engineering News Record - July 27, 
1944 - excellent articles, contributed greatly toward better inspection and 
maintenance of timber structures. Some of the reasons necessitating the spe- 
cialized inspection and maintenance pertained to design, material, workman- 
ship, and conditions inherent to the system of framing in timber connector type 
structures. Although most of the timber structures were designed by compe- 
tent engineers, it was found that some structures were under-designed because 
of lack of design experience on behavior of wood construction and in a few 
cases because of lack of competent engineering services. In many cases, par- 
ticularly the earlier war years, it was necessary under emergency conditions 
to use unseasoned and non-structural material or unseasoned material of a 
lower grade than specified. Much of the lumber used received its drying while 
in place as structural framing. There were many evidences of poor workman- 
ship during World War II with timber structures. The volume of construction 
increased so rapidly that it was practically impossible to have sufficient ar- 
tisans properly trained and skilled in this comparatively new field. 

The author, as did many others in the field, had many occasions to note such 
malpractices as chiseling around split ring grooves to get a joint fit, inaccurate 
drilling of holes and grooves, omission of split rings (this made erection easier 
but was not very beneficial for the structural strength), cutting of grooves on 
both sides of members when only one side was required, cutting of shear-plate 
rings when split rings were to be used, etc. One case which, strange as it 
may seem, was observed by the author within the last year occurred where 
instead of using standard shear plates for a steel to wood connection sections 
of 4-inch pipe were being welded to the steel plate and fitted into grooves for 
4-inch split rings. All of those deficiencies along with the problems in volu- 
metric changes, flow in the wood and the use of data that did not anticipate 
these effects produced maintenance problems that were of appreciable signifi- 
cance. Results of improper maintenance manifests itself in many ways in wood 
construction. Failure to periodically tighten bolts may result in excessive 
vertical deflection, in bowing and twisting of members and in the split rings 
partially coming out of grooves with subsequent possible failure of the struc- 
ture. One example of the latter will be discussed in some detail later in this 
paper. If checks or splits are not arrested progressive failure may occur. 

The author’s experience indicates that most failures in timber structures 
occur in individual truss members and do not result in the failure or collapse 
of the structure. There usually is an elastic and/or plastic readjustment 
among other framing members whereby the stresses are redistributed to oth- 
er members in the truss assembly. 

One of the factors causing most of failures in individual members noted oc- 
curred in unseasoned timbers where the slope of the grain was greater than 
the allowances for the lumber grade of the member. Such failures were ob- 
served in members of bracing systems and were particularly conspicuous when 
one timber of a deuble timber member failed and the remaining timber showed 
no sign of distress. 

One if not the most important factor in timber connector type trusses is the 
bolt and connector details in joints of trusses with unseasoned timbers. The 
details should be arranged to minimize the effect of cross-grain shrinkage. 
The importance of this factor is illustrated by means of figure 6. Figure 6 il- 
lustrates the effect of differential shrinkage on timber connector type truss 
joints. Pertinent notes brought out by this figure follow: 
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a) Maximum stress conditions result from use of unseasoned timbers. 
b) Parallel to grain shrinkage practically zero. 
c) Parallel to grain strength of timber is high which practically “fixes” 
rings in position. 

d) Perpendicular to grain shrinkage is relatively high. 

e) Perpendicular to grain tensile strength of timber is weak. 

f) As timber tends to shrink the “fixed rings” produce substantial cross 

grain tension stresses. 

Experience with timber connector type structures and particularly parallel 
chord trusses, has been that deflections have been considerably in excess of 
that originally estimated from consideration of elastic strains. It has also 
been noted that the so-called “secondary stresses” resulting from elastic and 
plastic deformation of members and slip, plus stress deformation of ring con- 
nectors in many cases cannot be safely neglected. Figure 7 illustrates effects 
of large deformations. The joint detail, figure 7 (a) illustrated indicates 
wracking forces on the connectors that produce cross grain tension. The bend- 
ing stresses in continuous chord members caused by deflection of the trusses 
is illustrated in figure 7 (b). The fibre stresses from this bending may at 
times exceed primary stresses. The complete analysis of complicated joints 
and so-called “secondary stresses” may become extremely difficult and at 
times impracticable. One approach to this problem would be to investigate 
the effect of typical joint motions, to adopt standards for joint details, mini- 
mizing the effects of these motions and to specify the use of reduced stresses 
for certain connector combinations. It has been noted that the “Specifications 
for Design of Structural Timber Framing” proposed for adoption by the 
American Institute of Timber Construction stresses the use of suitable stand- 
ards for joints and connections in considerable detail. 


Examples of Timber Structure Failures 


LTA Hangars 


Perhaps the most spectacular of the timber structures developed are the 
LTA Hangars. The Navy still has and is using many of these hangars on both 
east and west coast Naval Air Stations. The failure of the LTA Hangars at 
Richmond, Florida has already been adequately covered in previous reports. 
However, in connection with this failure, it is considered propitious to quote 
pertinent excerpts from the “Joint report on investigation of destruction during 
hurricane of the three LTA Hangars at the U.S. N.A.S. Richmond, Florida.” 

“Conclusions drawn from available evidence include: - - - - Under the cir- 
cumstances it would be unreasonable to expect the structures as designed to 
withstand the loading imposed and, since it might be considered unreasonable 
and uneconomical to design structures of this character and magnitude to meet 
hurricane conditions to which these buildings were subjected, the collapse may 
be considered in the ‘Act of God’ classification.” 

This was an example where structures were properly designed, built and 
maintained, but failure resulted when winds of unprecedented magnitude hit the 
area. Structures were designed for 110 m.p.h. wind, whereas previous weath- 
er bureau records indicated a previous high of 87 m.p.h. (5-minute period) and 
an extreme velocity of 96 m.p.h. (fastest mile) for a 33-year period. Actual 
winds at time of failure were estimated to be at least 155 m.p.h. as a five- 
minute average, 170 m.p.h. as a 2-minute average, 178 m.p.h. for the fastest 
mile and extreme gust velocities to be as high as 250 m.p.h. - thus the “Act of 
God” classification. Attention is further invited to the fact that, exclusive of 
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the Richmond Hangars, the only factor used to determine whether the various 
L.T.A. hangars were to remain in use was pure military necessity. 


Storehouse Building 


A failure that can be attributed to design occurred in a standard storehouse 
structure (200 x 600 foot) at an inland supply depot. Figure 3 illustrated gen- 
eral framing of this structure. The two hundred foot span had two interior sup- 
ports and it was at the interior supports that actual failure occurred. Details of 
the joint are shown in figure 8. The detail of the top chord connection provided 
for the opposing ends of the chords to be attached to opposite sides of the top 
of the wide timber column. This set up high cross grain tension stresses in 
the vertical members which caused splitting of the column and failure of the 
trusses. Figures 9, 10 and 11 further illustrate this failure in considerable 
detail. In Figure 9 the failure is at upper right of photograph. Temporary 
shores are in place at second and fourth panel point. 

At the time of the failure it was decided to have a complete inspection made 
of timber structures on the Station. An engineering firm experienced in timber 
engineering accomplished this survey and inspection. Station personnel in- 
volved in maintenance of timber structures were assigned as observers and 
thus gained valuable experience. Revisions to the joint detail were made and 
remedial work was accomplished by Station forces. Structures are still func- 
tioning satisfactorily. 


Shipyard Shop 


As mentioned previously experierce with parallel chord roof trusses has 
shown that actual deflections have been considerably in excess of predictions 
determined by use of published design data. As a result there have been a 
number of cases where serious consequences have ensued. 

In one case in particular, this excessive deflection resulted in interference 
with operations of the bridge cranes in a shop. The question arose as to how 
to get the cranes back in operation. Maintenance personnel, obviously inexpe- 
rienced and unfamiliar with timber structures, without consulting the engineer- 
ing staff of the shipyard, found a quick, easy answer - cut off part of the ends 
of web members protruding below the bottom chord: This, of course, reduced 
the edge and end distance for all of the cut web members in the trusses but 
provided the extra few inches needed for bridge crane clearance for the time 
being only. However, the trusses continued to deflect and at this time fortu- 
nately the maintenance personnel referred the entire problem to the Engineer- 
ing Staff. Further cutting of the end distances could have led to disastrous re- 
sults. Various schemes were used to keep the bridge cranes in temporary 
operation, such as removing all second floor live loads - keeping the space 
unoccupied. A major rehabilitation design, using an ingenious system of steel 
rod auxiliary framing was prepared by the Shipyard Public Works Design Divi- 
sion. Structure has since been rehabilitated to permit its full use in accord- 
ance with original design loading. 


Aircraft Plant 


Early in World War II, considerable difficulties were being encountered 
with timber trusses at one of the aircraft plants under construction. Aircraft 
production in those days was of highest priority. Numerous failures were ex- 
perienced and a report on conditions made by a firm of engineering consultants 
disclosed most interesting information. Two test trusses were set up using 
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actual trusses scheduled to go into the structure. Figure 14 shows the test 
set up. 

These trusses were considered to be better than the average of those being 
used. One of the trusses had the bolts tightened, whereas the other had the 
bolts slackened off one turn (3/32-inches). The truss with tightened bolts car- 
ried over two-thirds more load than the truss with the slackened bolts. Fig- 
ures 15 and 16 showing the test trusses indicate further some of the difficul- 
ties of the times with unseasoned and inferior material and construction and/or 
improper maintenance procedures. 

Conclusions from this report indicated that failures were caused by the 
fact that bolt tightening operations were not accomplished, that inferior unsea- 
soned material was used and no precautions were taken to use this material 
judiciously where effect of defects would be minimized. Following the inves- 
tigation and report there were no further records of failures and unusual prob- 
lems. Proper maintenance and more judicious use of materials was the 
answer. 


Shipyard Multi-Story Shop Building 


One of the most interesting failures from the structural engineers view- 
point concerns a shipyard multi-story shop building. Figure 4 illustrated gen- 
eral framing arrangement for this building. The lower floor was used as a 
shipfitters shop, whereas the upper floor held a joiner shop. One day in early 
1949 under conditions of no roof live load, practically no wind load, and no 
floor live loads, an upper roof truss collapsed. The second floor of this build- 
ing was only in intermittent use at that time. Figures 17 and 18 show actual 
typical conditions in the building noted after the failure. 

Two separate investigations were made on the structural condition of this 
building - one by the Public Works Officer of the Shipyard and the other by a 
consulting engineering firm. The results were in general agreement and the 
more salient points are summarized as follows: 

1) The timber trusses had in all probablility been built of unseasoned lum- 
ber and had not been properly maintained. Figures 17 and 18 clearly 
show the effect of shrinkage - bolts became loose and rings partially 
emerged from grooves. 

2) An analysis was made of the original design, taking into consideration 
secondary stresses due to elastic, plastic and shrinkage strains and 
various conditions of joint restraint in addition to primary stresses. In 
some cases the so-called secondary stresses were computed to be as 
much as 300%of primary stresses. Figure 19 shows in tabular form 
representative results of the analysis for primary stresses. 

3) Actual dead load of roof was considerably in excess of designed dead 
load. In addition, excessive deflections of the parallel chord roof truss 
caused a “hollow” in the roof where there was a permanent additional 
dead load of water. The total constant permanent load was actually in 
excess of the designed dead plus live load. 

4) The design of the center splice was exceptionally weak. It was in this 
area that failure occurred. Figure 20 shows conditions at the splice 
typical of the trusses that had not failed. Note differential movement in 
individual chord members. 

Figure 21 is a photograph of the truss that failed. Note the broken chord mem- 
ber and shifting at the splice. 

This failure was actually caused by deficiencies in design, construction and 
maintenance. Everything went wrong. However, on the basis of the reanalysis 
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cited above, repairs and extensive maintenance is now being accomplished by 
lump sum contract. This building with an estimated present value of about 
$1,000,000 will be rehabilitated for less than $40,000! However, the allowable 
second floor live loads will be somewhat less than that contemplated by the 
original design. 


SUMMARY AND CONCLUSIONS 


There has been presented examples of failures in timber structures, the 
causes of which have varied from the “Act of God” category to deficiencies in 
design, construction and maintenance and combinations thereof. These have 
included some of the highlights of the author’s experience with timber struc- 
tures over the past fifteen years. A summary of conclusions based on this 
timber structure experience follows: 

a) Many of the difficulties encountered in parallel chord roof trusses could 
have been eliminated or reduced by careful consideration of the bending 
stresses inherent in wood framed structures due to excessive deflec- 
tions caused by slip and strain in the connectors. Avoidance of the bulk 
of the slip effects would have little effect on the construction costs and 
would encourage types of framing in which the slip would have reduced 
effect and thus achieve the optimum framing for timber structure. De- 
sign of timber structures (particularly long span parallel chord trusses) 
should, in addition to the usual analyses, include evaluation of secondary 
stresses resulting from movements of the connectors (slip and elastic 
deformation) and local stresses caused by eccentricities inherent in the 
framing system. 

b) The effect of long duration loads on the plastic yield of wood should be 
given further consideration in establishing the allowable design stresses. 
This could be done by reducing the allowable stresses for higher ratios 
of dead to live load. 

c) The timber bowstring truss, with or without timber connectors, has 
proven itself to be one of the most economical of roof framing struc- 
tures from both the initial cost and maintenance viewpoints. Failures 
and maintenance problems with bowstring trusses have been practically 
non-existent in the author’s experience. 

d) If unseasoned lumber is to be used in trusses where the lumber will 
season in place, certain restrictions should be adhered to. One set of 
restrictions suggested for split chord or multiple chord trusses, other 
than bow string, provides that: 

1) no span shall exceed 75 feet 

2) the total length of unseasoned wood along the axis of a bolt for split 
ring connections shall not exceed 13-1/2". This dimension permits 
5' 3“ nominal size numbers. 
all trusses in excess of 50 feet in span shall have maintenance proce- 
dures recommended on design plans 

4) in truss joints with members in opposed grain arrangement connec- 
tors shall be limited to a two-bolt pattern 

e) Particular care should be used when unseasoned timber is to be used in 
trusses subjected to rapid drying conditions, such as over ovens, boilers, 
or in dehumidified storehouses. 

f) Maintenance and construction standards have been well established. 

There does exist an educational problem. There is need for more wide- 

spread knowledge of this information. Such articles as “Are Timber 
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Checks and Splits Serious”, “Timber Maintenance Methods”, are doing 
a great deal of good. These articles are designed for reading by engi- 
neers and artisans, who are actually building and maintaining timber 
structures. More such articles are needed. 

Most of the difficulties experienced with timber structures can be attri- 
buted to incomplete designs, the use of unseasoned and lower grades of 
lumber, ani lack of proper periodic bolt tightening operations. Timber 
structures properly designei, constructed and maintained have taken 
their place as majur components in our present day construction 
program. 
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Figure 3 - Standard Navy Warehouse Building 
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Figure  - Shipyard Multi-Story Shop Building 
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Figure 5 - Standard Navy LTA Hangars 
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6 EFFECT OF DIFFERENTIAL SHRINKAGE 
ON TIMBER CONNECTOR TYPE TRUSS. 


544-11 


L 
Srom 


WRACKING MA 
VITIMATE CROSSGRBAIN 
STRENGTH OF WOOD. 


oui 
Posirion 


TA 


STRESS 


‘a 
£1. 7B NEUTRAL AXIS OF MEMBER. IN DEFLECTED 


Be NDIN In EMBERS CONTINUOVS OVER SEVERAL PANELS. 


FIG. T EXAMPLES OF EFFECTS OF LARGE DEFORMATIONS. 


== 

= 


5 
4 


sage 
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gure 9 - Failure in 200 x 600 ft. storehouse 


gure 10 = Failure in 200 x 600 foot Storehouse 
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Figure 12 - Shipyard Boat Shop 
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Figure 1) - Test Set Up for Two Trusses at Aircraft Plant 


544-15 


13 = Shi Boat Shop - Strengthening a 


“4 
~ 4 4 i 
Figure 15 - Failure in Test T 3 
2 
Figure 16 - Failure in Test T <= 
s russ 
544-16 


ager 
pont 
in Multi-Story Shop Building 
me Figure 17 ~ Actual Freming Details aa 
ti-Story Shop Building 
; F Details ~ 
Figure 15 Ac 
+ 
By 
544-17 
q 


A TRUSS 
AND AEAUCAL STRESSES FOR ALTUAL 
LOADS SE DS 

Axsumprons: 

Member Load Stresses Jote/ Stresses 
\Gross A | We? A Gross A Me A 


69g 
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Figure 20 - Actual Framing Condition 
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Figure 21 = Photogreph of Truss that Failed 
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MAY: 435(SM), 436(CP)°, 437(HY)©, 438(HY), 439(HY), 440(ST), 441(ST), 442(SA), 443(SA). 


JUNE: 444(SM)®, 445(SM)®, 446(ST)®, 447(ST)®, 448(ST)®, 449(ST)®, 450(ST)®, 451(ST)®, 452(SA)®, 453(SA)®, 454(SA)®, 
455(SA)®, 456(SM)®. 


JULY: 457(AT), 458(AT), 459(AT)°, 460(IR), 461(IR), 462(IR), 463(IR)©, 464(PO), 465(PO)°. 


AUGUST: 466(HY), 467(HY), 468(ST), 469(ST), 470(ST), 471(SA), 472(SA), 473(SA), 474(SA), 475(SM), 476(SM), 477(SM), 
478(SM)°, 479(HY)°, 480(ST)°, 481(SA)°, 482(HY), 483(HY). 


SEPTEMBER: 484(ST), 485(ST), 486(ST), 487(CP)°, 488(ST)°, 489(HY), 490(HY), 491(HY)°, 492(SA), 493(SA), 494(SA), 
495(SA), 496(SA), 497(SA), 498(SA), 499(HW), 500(HW), 501(HW)°, 502(WW), 503(WW), 504(WW)°, 505(CO), 506(CO)*, 
507(CP), 508(CP), 509(CP), 510(CP), 511(CP). 


OCTOBER: 512(SM), 513(SM), 514(SM), 515(SM), 516(SM), 517(PO), 518(SM)°, 519(IR), 520(IR), 521(IR), 522(IR)°, 523(AT)°, 
524(SU), 525(SU)°, 526(EM), 527(EM), 528(EM), 529(EM), 530(EM)°, 531(EM), 532(EM)°, 533(PO). 


NOVEMBER: 534(HY), 535(HY), 536(HY), 537(HY), 538(HY)°, 539(ST), 540(ST), 541(ST), 542(ST), 543(ST), 544(ST), 545(SA), 
546(SA), 547(SA), 548(SM), 549(SM), 550(SM), 551(SM), 552(SA), 553(SM)°, 554(SA), 555(SA), 556(SA), 557(SA). 


. Presented at the New York (N.Y.) Convention of the Society in October, 1953. 

. Discussion of several papers, grouped by Divisions. 

. Presented at the Atlanta (Ga.) Convention of the Society in February, 1954. 
Presented at the Atlantic City (N.J.) Convention in June, 1954. 
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